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The accuracy of the structural design of ﬂexible pavements based on mechanistic approaches is directly related to the appropriateness of the
structural response algorithm and the material resilient modulus models selected. Mechanistic response algorithms can be based on layered theory
or ﬁnite element algorithms. The geomaterials can be modeled as linear or nonlinear. To evaluate the appropriateness of the numerical models and
the available resilient modulus models for estimating the response of pavements, several small-scale pavements were constructed and tested under
different loads, loading areas and moisture conditions. A nonlinear numerical structural model was then utilized with different resilient modulus
models to match the experimental responses. With some modiﬁcations, a three-parameter nonlinear model provided the same patterns as the
experimentally measured values as long as the weight of the material was considered. In all cases, a transfer function was necessary to
accommodate the differences in stiffness properties due to the differences between the ﬁeld and the laboratory compaction methods.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The development and implementation of mechanistic pave-
ment design approaches, such as the Mechanistic-Empirical
Pavement Design Guide (MEPDG) in the United States, have
been vigorously pursued over the last 20 years. In a mechanistic
approach, the relationship between the structural response (stress,
strain or deﬂection) and the physical parameters is described4 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.through a numerical model. Brown (1996) discussed a spectrum
of analytical and numerical models that can be used for this
purpose. The models are incorporated in several well-known
computer programs with different levels of sophistication.
Multi-layer linear systems are the most common algorithms
used. In these models, the basic assumptions include that each
layer is homogeneous, isotropic and linearly elastic, and that the
material is massless. Multi-layer nonlinear systems, which are the
most comprehensive approaches for studying pavement responses,
can only be implemented through advanced numerical analyses,
such as ﬁnite element methods. Multi-layer equivalent-linear
models are a compromise between the multi-layer and the ﬁnite
element options. These models utilize the multi-layer linear elastic
layered theory combined with an iterative process to consider the
nonlinear behavior of the pavement materials in an approximate
fashion (Ke et al., 2000). Since the lateral variation in modulus
within a layer cannot be considered in a linear-elastic layered
solution, a set of stress points at different radial distances are
considered to compensate for this disadvantage to some extent.Elsevier B.V. All rights reserved.
Table 1
Index properties and classiﬁcation of geomaterials.
Material USCS
classiﬁcation
Gradation % Atterberg
limits
Moisture densitya
Gravel Sand Fines LL PI OMCb,
%
MDDc,
kg/m3
Granular
base
GW 60 30 4 13 9 5.7 2356
Fine-
grained
soils
CL 8 28 64 27 14 10.0 1996
CH 0 3 97 86 53 25.9 1533
ML 0 42 59 NPc NP 9.4 1995
SC 0 55 45 23 12 11.4 1945
Common
subgrade
SM 0 73 27 NPd NP 15.2 1794
aFrom modiﬁed Proctor test (AASHTO T180) for granular base and standard
Proctor test (AASHTO T99) for ﬁne-grained soils.
bOMC¼Optimum Moisture Content.
cMDD¼Maximum Dry Density.
dNP¼Non-Plastic.
M. Mazari et al. / Soils and Foundations 54 (2014) 36–44 37The material-related input parameters for the pavement
response models are primarily the stiffness parameters and
Poisson0s ratio for each pavement layer. The resilient modulus
model for a linear elastic material is rather simple, since the
stiffness parameter is a modulus that is independent of the state
of stress applied to the pavement. Bounded materials (e.g., hot
mix asphalt and stabilized layers) generally display a linear or a
nearly linear stress–strain relationship. Unbound geomaterials
can exhibit nonlinear and anisotropic behaviors. A material is
considered nonlinear if its modulus depends on the state of
stress. The nonlinear behavior of granular materials may be
explained by hyperbolic constitutive relationships (Maheshwari
and Khatri, 2012). Granular materials generally exhibit stress-
hardening behavior as their stiffness increases with an increase
in stress. Fine-grained soils, which generally display a decrease
in modulus with an increase in stress, are deﬁned as stress-
softening.
Resilient modulus (MR) tests are commonly used to
measure the stiffness parameters of materials. In general, these
tests measure the stiffness of a cylindrical specimen subjected
to numerous repeated axial stresses and conﬁning pressures.
Cyclic load triaxial tests have also been employed in geotech-
nical and railway studies by many researchers, such as
Fortunato et al. (2010), Trinh et al. (2012), Inam et al.
(2012), Dash et al. (2010) and Youngji et al. (2010). The
most commonly applied resilient modulus models are the so-
called universal models that relate the modulus to the
deviatoric stress, conﬁning pressure or a combination of them
(Puppala, 2007). Andrei et al. (2004) recommended the
following equation to determine the resilient modulus:
MR¼ k1Pa
θ3k6
Pa
 k2 τoct
Pa
þk7
 k3
ð1Þ
where MR¼ resilient modulus, Pa¼atmospheric pressure,
θ¼bulk stress, τoct¼octahedral shear stress and k1 through
k7 are regression constants. Parameter k6 is intended to account
for pore pressure or cohesion; it is a measure of the material0s
ability to resist tension. Even though Eq. (1) is fundamentally
appealing, Eq. (2) (a.k.a., the k1k3 model) is more widely
used.
MR¼ k1Pa
θ
Pa
 k2 τoct
Pa
þ1
 k3
ð2Þ
The procedure for conducting MR tests has been under
continuous modiﬁcation. The American Association of State
Highways and Transportation Ofﬁcials (AASHTO) alone have
adopted several test protocols over the last 20 years (e.g.,
T292-91, T294-92, TP46-94 and T307-03). The so-called
NCHRP 1-28A (Witczak, 2004) protocol is also gaining
popularity. These approaches differ in specimen size, the
compaction method, loading time, stress sequence, and type
and location of the displacement transducers (i.e., inside or
outside the conﬁning chamber and mounted on the specimen
or platen-to-platen measurements). As such, they may yield
different k1k3 values. For example, Gupta et al. (2007)
indicated that the resilient moduli from internal displacementmeasurements are up to three times greater than those made
outside the conﬁning cell.
The main objective of this paper is to demonstrate the
implication of various MR test methods and resilient modulus
models on the accuracy and the reliability of the prediction of
the response parameters (e.g., displacements) of pavement
layers. The secondary objective is to discuss the need for
transfer functions between the measured and the estimated
responses of geomaterials prepared to the same densities and
moisture contents as the MR laboratory specimens. To that
end, several model pavements were constructed and tested
under different loads, loading areas and moisture conditions
with different sources of geomaterials. Nonlinear numerical
structural models were then utilized with different resilient
modulus models to match the experimental responses. The
results of that investigation are presented in this paper.2. Laboratory testing
Laboratory resilient modulus tests are used to determine the
impact of load-related parameters that affect the behavior of
pavement layers. Such tests consist of applying cyclic axial loads
at different conﬁning pressures to a cylindrical specimen. The
resilient modulus is then deﬁned as the ratio of the applied
deviatoric stress and the resulting axial resilient (recoverable)
strain (Andrei et al., 2004). The focus of this study is a granular
base and four ﬁne-grained soils with the index parameters shown
in Table 1. Table 1 also contains information related to an SM
soil that was used as common subgrade in all the small-scale
specimens prepared in this study. MR tests for all geomaterials
were carried out as per AASHTO T307 (but with internal load
and displacement sensors) and additionally as per NCHRP 1-28A
(for granular base materials only).
Two compaction methods were used to prepare the specimens:
constant energy and constant density. The constant energy
method (a.k.a., the Proctor method) has been the traditional
means of estimating the moisture–density curve for at least the
Table 3
Laboratory MR results on ﬁne-grained soil specimens prepared with constant
energy method following AASHTO T307 protocol.
Geomaterial Target moisture
content
Nonlinear parameters Representative
MR, MPaa
k1 k2 k3
CL 0.8 OMC% 1307 0.43 0.16 167
M. Mazari et al. / Soils and Foundations 54 (2014) 36–4438last 80 years and is well-known to pavement and geotechnical
engineering communities. In that method, soil samples at different
moisture contents are subjected to the same compaction energy
(e.g., 25 blows of a 2.495 kg rammer as per AASHTO T99)
resulting in specimens with variable densities. The state of the
practice in earthwork consists of compacting a layer to a
predetermined density, independent of the energy (in this case,
the number of passes of the compactor), and the moisture content.
In the constant density method of compaction (unlike the Proctor
method), the number of blows (i.e., the compaction energy) is
changed by a trial and error process to achieve a desired density
independent of the moisture content (Pacheco and Nazarian,
2011). This method has not yet been standardized and is deemed
to be more representative of the ﬁeld compaction process.
The results of the MR tests on specimens prepared with
constant energy from the granular base material at three
moisture contents (optimum moisture content, OMC, 2% dry
of OMC and 1% wet of OMC) are shown in Table 2. The
specimens prepared at OMCþ2% were too wet to test. The
stiffness parameters k1k3 from the AASHTO T307 and
NCHRP 1-28A protocols are different, despite the fact that
the instrumentation was the same. These changes are due to the
differences in the loading sequences used in the two protocols.
In AASHTO T307, the deviatoric stress is increased at each
conﬁning pressure, whereas in NCHRP 1-28A protocol, the
conﬁning pressure is varied for a given deviatoric stress. The
results from the external instrumentation, as advocated by
AASHTO T307 would have been signiﬁcantly less than those
reported in Table 2 for the internal instrumentation, as
discussed by Gupta et al. (2007) and others.
The MR tests on the ﬁne-grained soil specimens prepared with
both the constant energy and the constant density compaction
methods were carried out following the AASHTO T307 protocol.
These tests were conducted on specimens prepared at three
different moisture contents (OMC, 120% OMC and 80% OMC)
to investigate the effects of moisture variations on the modulus.
All constant density specimens were compacted to the corre-
sponding MDD of the material. The MR results for the specimens
prepared with the constant energy method are listed in Table 3
for ﬁne-grained soils. The representative laboratory moduli
from similar specimens prepared with the constant energy and
the constant density methods are compared in Fig. 1. ModuliTable 2
Laboratory MR results on granular base specimens prepared with the modiﬁed
proctor constant energy method (AASHTO T180).
Protocol Target moisture
content
Nonlinear parameters Representative
MRa, MPa
k1 k2 k3
AASHTO T307 OMC2% 2031 0.44 0.14 270
OMC 538 0.71 0.10 89
OMCþ1% 674 0.49 0.10 94
NCHRP 1-28A OMC2% 1365 0.50 0.30 181
OMC 694 0.60 0.40 92
OMCþ1% 658 0.70 1.80 53
aFrom Eq. (2) based on presumptive τoct and θ of 52 kPa and 214 kPa.from these two compaction methods are correlated reasonably
well with a standard error of estimate of about 14 MPa. The
outliers typically correspond to the specimens that were either
much wetter or much drier than their corresponding OMCs for
materials whose variations in dry density with moisture content
are more pronounced.
Witczak et al. (2000) recommended the following model, as
part of MEPDG, in order to consider the changes in modulus
with the moisture content:
log
MR
MRopt
¼ aþ ba
1þexpðlnðb=aÞþkmðSSoptÞÞ
ð3Þ
where MR¼modulus at a degree of saturation S (decimal),
MRopt¼modulus at the maximum dry density and optimum
moisture content, Sopt¼ degree of saturation (in decimal) at the
maximum dry density and optimum moisture content,
a¼minimum of log (MR/MRopt), b¼maximum of log (MR/
MRopt) and β and km¼ regression parameters. The MEPDG
recommended two separate sets of β and km for coarse grained
and ﬁne-grained geomaterials, as reﬂected in Fig. 2. Even
though the trends proposed by Eq. (3) are reasonable, the values
are somewhat different from the model. This indicates that it
may be prudent to perform lab MR tests at several moisture
contents, if time and budget of the project permit.3. Small-scale test
Fig. 3(a) shows a schematic of the general setup of the
laboratory small-scale study. The soil proﬁle for each specimen
consists of 150 mm of one of the geomaterials described in
Table 1 (except for the SM subgrade) and 400 mm of the SM
subgrade. A layer of pea gravel, 75 mm in thickness, was
placed at the bottom of the specimen. The pea gravel layer,OMC 1507 0.29 0.00 182
1.2 OMC% 1350 0.29 0.05 162
CH 0.8 OMC% 828 0.54 0.22 112
OMC 940 0.29 0.42 105
1.2 OMC% 606 0.26 1.37 56
ML 0.8 OMC% 788 0.77 1.61 95
OMC 620 1.04 1.91 83
1.2 OMC% 539 1.00 1.40 78
SC 0.8 OMC% 2158 0.15 0.50 218
OMC 1408 0.34 2.09 119
1.2 OMC% 210 1.68 4.12 28
SM (common
subgrade)
0.8 OMC% 637 0.51 1.05 49
OMC 540 0.99 2.37 30
1.2 OMC% 360 1.12 2.32 20
aFrom Eq. (2) based on presumptive τoct and θ of 86 kPa and 21 kPa.
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M. Mazari et al. / Soils and Foundations 54 (2014) 36–44 39which was placed primarily to facilitate the saturation of the
subgrade under capillary conditions, was a uniformly-graded
material with particle sizes between 4.75 and 9.5 mm. That
layer was deemed too thin and too deep to impact the results;
as such, it was not characterized (Amiri et al., 2009).
The specimens were prepared in a 0.9-m-diameter PVC pipe
that was placed on a hard ﬂoor (1-m-thick concrete) to
minimize the movement of the bottom of the specimen. The
size of the specimens was determined through ﬁnite element
modeling by Amiri et al. (2009) to ensure that the interaction
between the horizontal and vertical boundaries and the model
pavement would be minimal. A diameter of 0.9 m was deemed
adequate since the stresses and strains at the boundaries were
typically less than 3% of the stresses applied to the specimen.
Also, a geophone was used to monitor the movement of the
ﬂoor to ensure that the specimen would not move excessively.
A concrete mixer was applied to prepare the subgrade and the
geomaterial layer to the desired moisture contents. A speciﬁc
amount of dry geomaterial, necessary to achieve the desired
density for a 50-mm lift, was mixed with a precise amount of
water to ensure the exact moisture content. The moist material
was then transferred into the PVC container and compacted to the
desired density with a hand compactor.
Moisture sensors were embedded within the geomaterials at
predetermined depths during the construction of the specimen
(see Fig. 3(a)). Nine geophones were embedded within the
specimen to measure the displacements at different depths.
Three sets of resistivity probes were placed to monitor the
progression of the waterfront within the specimen during the
saturation process.The specimens were subjected to cyclic plate load tests
(PLTs) utilizing a servo hydraulic system (Fig. 3(b)). The
nominal contact stresses for the PLT were 210–620 kPa. In
addition, a lightweight deﬂectometer (LWD) with a plate
diameter of 200 mm and a nominal contact stress of 210 kPa
was employed to load the specimens (Fig. 3(c)).4. Analysis of the results
A response algorithm using an equivalent multi-layer
system, as discussed by Ke et al. (2000), was utilized to
simulate the small-scale specimens with the laboratory derived
MR parameters k1k3 of the layers as input. Ke et al. (2000)
demonstrated that this numerical model can provide results that
are very comparable to those of a rigorous FE model. The
circular load of the LWD or PLT with a uniform stress
distribution was applied to the top of the model. The input
parameters to the model were the number and thickness of the
layers, Poisson0s ratio, the unit weight and the nonlinear
regression parameters of k1k3 obtained from laboratory
resilient modulus tests. The stresses, strains and displacements
at the surface and at the middle depths of the layers were then
calculated by the algorithm. Such results are considered as the
numerical responses of the pavement system.
The average experimental deﬂections at different depths due
to the LWD load, from a specimen with the granular base and
the common subgrade placed at OMC, are compared with the
corresponding numerical results in Fig. 4. The numerical
results when the lab stiffness parameters k1k3 from the
AASHTO T307 and NCHRP 1-28A protocols were used for
the base are similar, despite the differences in estimated k1k3
parameters. These similarities can be fortuitous since, despite
differences in k1k3 parameters between the two test proto-
cols, their representative resilient moduli are similar. As
reﬂected in Table 2, for specimens tested at other moisture
contents and based on our experience, the stiffness parameters
from the two protocols are different.
The deﬂections from the numerical analyses in Fig. 4 are
greater than the measured ones within the geomaterial layer
and lesser within the subgrade. This pattern can be attributed to
the nature of Eq. (2) (the MEPDG model) where the modulus
tends toward zero as the bulk stress approaches zero (i.e., as
one moves deeper and further away from the loaded area). The
fact that the numerical and the experimental results cross one
another was deemed as an impediment to developing a
rigorous, yet simple, transfer function between them. To
overcome this limitation, the following model (the modiﬁed
MEPDG model) proposed by Ooi et al. (2004) was tried:
MR¼ k01Pa
θ
Pa
þ1
 k02 τoct
Pa
þ1
 k03
ð4Þ
In this equation, MR tends toward a minimum equal to k01Pa
and not zero. Although Eq. (1) is fundamentally more
appropriate, it was felt that the uncertainty in estimating the
additional parameters from the raw MR data may be balanced
by the simplicity of Eq. (4).
Fig. 3. (a) Schematic of small-scale specimen, (b) plate load test, and (c) light weight deﬂectometer.
M. Mazari et al. / Soils and Foundations 54 (2014) 36–4440The variation in displacements with depth, from a nonlinear
analysis using stiffness parameters k01–k03 ﬁtted to Eq. (4), is
also shown in Fig. 4(a). The numerical deﬂections in this case
are consistently greater than the measured ones, but are not as
close to the experimental data as the previous case when
Eq. (2) was used. Based on the statistical analysis alone, one
may conclude that the numerical model from Eq. (2) (with a
slope of about 0.8) represents the experimental results better
than the results from Eq. (4) (with a slope of 0.56). However,
as will be discussed later, it is much easier to explain the
differences between the experimental and the numerical results
from Eq. (4) than from Eq. (2).
The differences between the experimental and the numerical
results are partially due to the differences in the laboratory and
the ﬁeld moduli of the materials even though they were
prepared at similar densities and moisture contents. Seismic
methods can be used to describe such differences because the
lab and the ﬁeld seismic moduli are theoretically relatedwithout any need for adjustment of the testing boundary
conditions (Nazarian et al., 2005).
The seismic modulus is the low-strain initial tangent modulus
of a material obtained based on the principles of wave propaga-
tion (Nazarian et al., 2005). The laboratory seismic moduli were
measured with a Free–Free Resonant Column (FFRC) device
(Williams and Nazarian, 2007) on the same specimens as those
used in the lab MR tests. The FFRC modulus is estimated by
applying an impulse load to a cylindrical specimen which
propagates seismic energy over a large range of frequencies.
Depending on the dimensions and the stiffness of the specimen,
some frequencies will be resonated. Combining the dimensions of
the specimen with the resonant frequencies, the seismic modulus
of the specimen can be estimated. The ﬁeld seismic moduli for
the compacted layers in the small-scale specimens were obtained
using a portable Seismic Property Analyzer (PSPA, Nazarian
et al., 2005). Fig. 5 shows a schematic of both FFRC and PSPA
test methods.
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M. Mazari et al. / Soils and Foundations 54 (2014) 36–44 41The lab seismic moduli of the same specimens used in the
lab MR tests for the case shown in Fig. 4 were 90 MPa and
49 MPa for the geomaterial and the subgrade layers, respec-
tively. The ﬁeld seismic moduli for the compacted layers in the
small-scale specimen were 292 MPa (about 3 times greater
than lab modulus) and 102 MPa (about 2 times greater than lab
modulus) for the geomaterial and the subgrade layers,
respectively.
As reﬂected in Fig. 4(b), the slope between the measured
and the numerical deﬂections is about 0.56 (i.e., the numerical
deﬂections are about twice the measured ones), which is
consistent with the differences in the seismic lab and the
small-scale moduli observed. This case study points to the
importance of considering the differences between the lab and
the ﬁeld measured moduli in order to develop a rigorous
transfer function.
The variations in deﬂections at the four contact stresses with
depth from the Plate Load Tests (PLTs), conducted shortly
after the LWD tests, are presented in Fig. 6. The data presented
correspond to a 200 mm-diameter plate that is identical to the
diameter of the LWD plate. The measured deﬂections increase
as the contact stress increases for all depths. However, the
increases in deﬂections are not linearly proportional to the
increase in contact stress, pointing to the nonlinear behavior of
the materials (especially for the deﬂections within the geoma-
terial layer).
As reﬂected in Fig. 6(b), the measured and the calculated
deﬂections from the nonlinear analyses with the model of Eq.
(4) are globally correlated well with a slope of 0.64. This slope
is greater than the slope of 0.56 obtained from the LWD test in
Fig. 4(b). The differences in the two slopes may be attributed
to the dynamic nature of the LWD tests as compared with the
low frequency (2 Hz) cyclic load applied in the PLT tests. Acomparison of the numerical results from Eq. (2) and the
experimental results is also included in Fig. 6(b). A consistent
trend is not observed even though these numerical results are
statistically closer to the experimental results.
To analyze the impact of the plate diameter on the response
of the specimens, the plate load tests were repeated with plates
100 mm and 300 mm in diameter. The measured and the
numerical deﬂections from the three plates at a constant stress
state of 210 kPa are correlated well with a slope of 0.55, as
shown in Fig. 7(a). This would not have been the case with the
layered elastic analyses.
The next step was to study the impact of the compaction
moisture content on the outcomes of the analyses. A small-
scale specimen was prepared for which the geomaterial layer
was placed at 2% dry of OMC. As reﬂected in Fig. 8(a), the
experimental deﬂections are 0.37 of the numerical ones, which
indicates that the differences among the lab and the ﬁeld are
even more signiﬁcant when the geomaterial layer is placed dry
of optimum. In that case, the seismic lab modulus was about
26% of the corresponding modulus measured on top of the
small-scale specimen. A careful examination of the data from
individual plates demonstrates that the difference between the
measured and the estimated deﬂections differs more signiﬁ-
cantly as the plate diameter increases. The geomaterial layer
experiences more nonlinear behavior as the stresses increase
with changes in the diameter of the plate.
Similar to our laboratory experiment, it was not possible to
test the small-scale specimen placed at OMCþ2%, because it
was too soft to maintain the stresses from the LWD or the PLT
tests without signiﬁcant rutting. As such, the specimen was
allowed to dry back to OMC before it was tested. In this case,
the lab-derived stiffness parameters for the GW granular base
at the OMC were used to model the geomaterial layer.
The measured deﬂections when the specimen was dried
back to OMC and the numerical deﬂections using the stiffness
parameters from the lab MR tests at OMC are compared in
Fig. 7(b). The measured deﬂections are about 0.3 times the
numerical ones, indicating that the geomaterial layer is
signiﬁcantly stiffer than when it was placed and tested at
OMC-2% (Fig. 8(a) with a slope of 0.37) or when it was
placed and tested at OMC (Fig. 7(a) with a slope of 0.55). This
pattern demonstrates that the moisture content at the time of
testing, relative to the moisture content at compaction, may
impact the laboratory and the ﬁeld stiffness, as shown in
Pacheco and Nazarian (2011). Such a pattern can be more
rigorously explained considering that the soil suction of a
material compacted and tested at a given moisture content is
signiﬁcantly different than the soil suction of a material placed
at a higher moisture content and allowed to dry to a given
moisture content. The patterns reported in Figs. 7 and 8(b) are
similar to those reported by Khoury and Zaman (2004) and
Tinjum et al. (1997).
Finally, the relationship between the measured and the
numerical deﬂections for the specimen placed and tested at
OMC-2%, but with a subgrade layer saturated under capillary
conditions, is shown in Fig. 8(b). The slope of 0.29 of the best
ﬁt line is less than 0.37 obtained in Fig. 8(a) for the same
Fig. 5. (a) Free–free resonant column (FFRC) test, and (b) portable seismic property analyzer (PSPA) test.
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Fig. 7. Comparison of experimental and numerical deﬂections from plate load
tests at 210 kPa applied stress with different loading plate diameters for GW
granular base, (a) materials placed at OMC, and (b) materials placed at
OMCþ2% and dried back to OMC.
M. Mazari et al. / Soils and Foundations 54 (2014) 36–4442specimen, but with the subgrade placed and tested at the
optimum. This indicates that the laboratory parameters are
underestimating the ﬁeld moduli.
An interesting pattern emerges when the numerical and the
experimental results from Fig. 8(a) and (b) are compared. On
average, the deﬂections from the specimen with the subgrade
saturated condition are 1.16 times the deﬂections from the
same specimen, but when the subgrade was placed at OMC.The numerical results, however, differ by 1.55 times. A
plausible explanation for this discrepancy can be the differ-
ences in the generation of pore pressure during the lab MR
testing and the testing with the small-scale specimens. Since
MR tests are undrained cyclic tests, the pore pressures
generated in the lab close to saturation (in this case, 1.2
OMC for the common subgrade) may cause lower than
anticipated stiffness parameters. When these values are used
in the numerical models, the deﬂections within the body of the
material are overpredicted, as discussed above.
M. Mazari et al. / Soils and Foundations 54 (2014) 36–44 43To further investigate the trends between the laboratory
measurements and the numerical responses, additional small-
scale specimens were prepared with the four ﬁne-grained soils
listed in Table 1 at 0.8, 1 and 1.2 of their corresponding
OMCs. The results from plate load tests with different plate
diameters (100, 200 and 300 mm) at various stress levels of
210, 340, 480 and 620 kPa, when materials are placed at
OMC, are depicted in Fig. 9. Observing the slopes from this
ﬁgure, the numerical responses overestimate the measured
ones by a factor of 0.25–0.36.y = 0.31x
0
1
2
3
4
0 1 2 3 4
Ex
pe
rim
en
ta
l D
ef
le
ct
io
n,
 m
m
Numerical Deflection, mm
Line of Equality
y = 0.26x
0
1
2
3
4
0 1 2 3 4
Ex
pe
rim
en
ta
l D
ef
le
ct
io
n,
 m
m
Numerical Deflection, mm
Line of Equality
Fig. 9. Comparison of experimental and numerical deﬂections from plate load test
OMC and then tested after 24 h.
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Fig. 8. Comparison of experimental and numerical deﬂections from plate load
tests at 210 kPa applied stress with different loading plate diameters for GW
granular base, (a) placed at OMC-2%, and (b) placed at OMC-2% and then
tested after saturation of subgrade.The slopes of the lines similar to Fig. 9 are summarized in
Fig. 10 for all materials and moisture conditions. In general,
the average differences between the numerical and the experi-
mental results (ignoring the case of the saturated subgrade
conditions) vary between 0.33 and 0.55. To some extent this
may explain the ﬁndings of Von Quintus and Killingsworth
(1998) that, on average, the lab derived moduli are 0.35–0.52
of those measured in the ﬁeld. The greatest mismatch between
the numerical and the experimental results is for the case when
the subgrade was saturated. As indicated above, this may be at
least partially explained by the buildup pore pressure during
laboratory MR tests.5. Conclusions
The accuracy of a nonlinear response algorithm, as a
function of the laboratory derived stiffness parameters as
input, was evaluated in this paper under different loading
and moisture conditions. Based on the results presented, the
following conclusions are drawn:y = 0.36x
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s at all stress levels and all loading plate diameters for geomaterials placed at
Fig. 10. Summary of differences between numerical and experimental results
for geomaterials tested (the results from CH materials placed at 1.2 OMC were
not obtainable due to excessive cracking while drying).
M. Mazari et al. / Soils and Foundations 54 (2014) 36–4444 The results from laboratory MR tests, following different
protocols, yielded different stiffness parameters for the
same general resilient modulus model. The resilient modulus model, proposed by the MEPDG,
may not be as appropriate for the nonlinear modeling of
pavement responses, since the modulus tends toward zero in
areas away from the load. Even though on average the
numerical results from the Ooi et al. (2004) model differ
more from the experimental results than the traditional
MEPDG model, the Ooi model seems to explain the
responses of the materials more consistently. For the most
part, the differences between the numerical results from the
Ooi model and the experimental results could be explained
by differences in the measured lab and ﬁeld moduli at the
same moisture content and density. Comparing the deﬂections measured and simulated under a
light weight deﬂectometer (LWD) and plate load tests
(PLTs) at different moisture conditions and loads, it seems
that the current nonlinear response models simulate the
patterns of ﬁeld measurements reasonably well. A transfer function is needed to account for the differences
in the ﬁeld and the lab stiffness of the different layers due to
differences in the compaction methods and loading bound-
ary conditions. This transfer function seems to be a function
of the moisture content at the time of compaction as well as
the moisture content at the time of evaluation.
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